I. INTRODUCTION
Nano metal-semiconductors (M-S) contacts have a wide range of prospective applications in several aspects of nanotechnology, particularly in nano-electronics, due to the current trend in down-scaling of semiconductor devices. Therefore, understanding the electronic characteristic of such nano interfaces is crucial. Some experimental and theoretical analyses have been made to investigate the nano M-S contacts. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] The analyses have addressed the effect of the nano contact size on the depletion width and on other interface parameters. It was reported that I-V characteristics showed an enhanced current in the reverse bias, which can be attributed to the enhancement of the electric field at the nano M-S interface due to the confined electric charge on a very small metal surface area. 15, 16 This enhancement of the tunneling current can lead to a reversed rectification diode behavior if the contact size is very small, sub-10 nm range, as will be demonstrated here both theoretically and experimentally.
To analyze the nano M-S interface, the main parameter to be determined is the depletion width in the semiconductor side of the M-S interface. This would help to figure out the other parameters like the interface potential and electric field. These parameters will, in turn, be used to calculate the electric current at various applied biases. Here, we present theoretical analyses of the nano-M-S interface by calculating the depletion region for various nano M-S contacts. We have used two approaches to calculate the depletion region. The first approach is based on the conventional method of solving Poisson's equation after defining the boundary conditions at both sides of the depletion region, as also considered in a previous work. 15, 16 We have found out that although this approach predicts an enhanced tunneling current in the reverse bias, it cannot fit the I-V data for extremely small M-S contacts. Therefore, we proposed another approach to analyze nano Schottky contacts based only on the equilibrium state at the nano-M-S interface and the alignment of the Fermi levels in the semiconductor and the metal sides, without pinning the potential at the barrier height value at the interface. 17 We show here that the latter approach provides better data fit particularly when the contact size is much smaller than the conventional depletion region. For instance, for low doped n-type substrates (dopant concentration N d ffi 1 Â 10 16 cm
À3
), the new approach gives a reasonable data fit when the radius of the contact is around 10 nm.
II. THEORETICAL MODELS AND ANALYSIS OF NANO-SCHOTTKY CONTACTS
For feasible analysis of M-S Schottky contacts at nanoscale, we build a model of a spherical geometry to utilize the spherical symmetry of the system. We visualize the metal contact as a nano metal sphere embedded in a semiconductor bulk. Since the nano M-S contacts take place on the surface of the semiconductor substrate, this can be visualized as if the model of the nano-metal sphere in the center semiconductor bulk is cut into two identical halves. Each half represents a hemispherical nano metal particle embedded on the surface of a substrate, as depicted in Fig. 1 .
A. Nano Schottky contacts analysis: Conventional approach (approach 1) In the conventional approach of analysis of such nano M-S contacts, the potential at the interface is considered to be pinned at the barrier height divided by the electron charge a)
Author to whom correspondence should be addressed. Electronic mail: mohd.rezeq@kustar.ac.ae (i:e: V ¼ À/ B ), which drops gradually to reach the value ðÀ/ s Þ at the end of the depletion region, as schematically shown in Fig. 2 . We use these boundary conditions in Poisson's equation to solve for the depletion region (W n ). Poisson's equation in spherical coordinates is given by
where q is the volume charge density, q ¼ eN d (absolute value). Since the model is symmetric in the spherical coordinate system, the potential and hence the electric field are independent of the angles h or u. Consequently, Equation (1) can be reduced to
The derivation of the potential at the interface is detailed in Appendix A. The potential profile function at the nano M-S interface inside semiconductor region is given as
To find W n , we apply the boundary conditions on Equation (3), where at the M-S interface, i.e., r ¼ R (or x ¼ 0), VðRÞ ¼ À/ B (in the absence of the external applied voltage), and at the end of the depletion region (r ¼ R þ W n ), the potential VðR þ W n Þ ¼ À/ s . The calculations of W n from Equation (3) for a wide range of metal spheres radii are presented in Fig. 3 . The results show that W n increases smoothly from a small value until it reaches the conventional value at a large radius. However, when an external voltage is applied on the metal, the new boundary potential at the M-S interface becomes VðRÞ ¼ À/ B þ V a .
B. Nano Schottky contacts analysis: Modified approach (approach 2) In the case of extremely small metal contacts, the confined charge transferred to the metal at the equilibrium state may results in an interface potential higher than the barrier height. In this regime, the potential at the interface is presumed to depend on the surface charge density accumulated at the metal side and hence on the radius of the nano metal particle. Therefore, finding the depletion width and other interface parameters is not straightforward. Instead, we have proposed a qualitative method based on the evolution of the potential profile in the semiconductor as the contact size is decreasing from the planar contact to sub-10 nm range. When the metal contact has a limited radius, the charge density will be enhanced, which results in an enhanced surface potential that drops almost exponentially with the decrease of the metal sphere radius. The evolution of the potential energy diagram is illustrated schematically in Fig. 4 , where q/ 0n denotes the new surface potential energy.
The new nano-depletion region (W n ) is associated with a drop in the potential energy at this point equals to qDV (q here is the electron's charge). To calculate W n , we recall the nature of the potential profile in the semiconductor bulk which is a result of the superposition of the potential from the positive region in the bulk and the negative potential from the metal. Assuming that at the equilibrium state the Fermi levels on both sides of the M-S contact are aligned up, we can visualize that the drop of the potential from the Fermi level of the semiconductor (before contact) to the metal level at the interface (after contact) is a result of the increase of the positive potential in the semiconductor due to the transfer of the negative charge to the metal. This drop is assumed to be equal to the difference between the Fermi levels in both sides (V bi ) before the physical contact. Based on this assumption, the positive potential profiles in the semiconductor, as the contact is reduced from planar to nano scale range, are represented in Fig. 5 . Figure 5 illustrates the change of the negative net electric potential from V p ðxÞ of planar M-S contacts (dashed blue line) to the new potential V n ðR þ xÞ for nano M-S contacts (green line), where V p ðxÞ can be derived easily by solving Poisson's equation with the fixed boundary conditions and is given by
V þ P ðxÞ shows the positive potential profile in the semiconductor for the planar M-S contact. This positive potential profile V þ P ðxÞ can be readily found from Gauss's Law of the electric field flux, as given by
The positive potential profile in the semiconductor for the nano M-S contact (V þ n ðxÞ) is also given in Equation (6) and detailed in Appendix B (and depicted in Fig. 10 )
From the schematics in Fig. 5 , we can assume that the drop of the net potential in the bulk (DV) is proportional to the enhancement of the positive potential in the semiconductor bulk (DV 0 ). Thus
where B is a real constant value that can be determined by fitting the experimental data of the I-V measurements. From  Fig. 5 , DV is found to be
To find the value of the new depletion region (W n ) when V n ðxÞ reaches À/ S , at x ¼ W n , the following equation should apply:
We solve this equation numerically using a Matlab program to find the modified depletion region ðW n ) for a given radius (R) at a given B. The B factor is actually dependent on the tip radius and can be extracted by fitting the experimental data. As an example, for nano-tips with a radius around 10 nm in contact with a low-doped substrate, we found that the best value for B is 0.55, as we will show later in this paper.
III. EXPERIMENTAL PROCEDURE AND MEASUREMENTS
Nano M-S contacts were investigated using conductivemode Atomic Force Microscope (AFM). To ensure better conductivity through the AFM probe, the tip was coated with 5-20 nm of gold by electron beam evaporation technique, after being covered with 5 nm of Cr to enhance the FIG. 4 . The effect of the high surface charge density on the metal nanoparticle due to the reduction in the depletion width from the planar value, which results in an enhancement of the potential energy at the interface from the planar value q/ B to a value of q/ 0n . conductivity. Tips with a well-defined conical shape and a radius within the range of 8-10 nm had been chosen for the experiments. Helium Ion Microscope (HIM) images of such tips are shown in Fig. 6 . These Au coated tips were estimated from HIM images to have a radius of apex around 10 nm, as shown in Figs. 6(a) and 6(b).
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The I-V measurements were performed on two n-type Si materials: low doped (5-10 X cm) and highly doped (0.02-0.04 X cm). The Si samples have (100) crystal orientation and their thickness is 375 6 20 lm. Carbon black material was used on the back side of the Si to ensure good contact with the sample metal stage. In order to improve the physical contact between Au coated AFM tips and Si surface, the native oxide on the Si surface was removed by diluted HF solution before characterizations. Here, a typical deflection negative voltage (À2 V) from the setpoint is applied to maintain a constant positive cantilever pressure on the sample.
We would like to indicate here that other methods can be used to form nano-Schottky contacts by incorporating the metallization process in high resolution lithography techniques, for example, enhanced sub-wavelength photolithography, and ion and electron beam lithography.
We have two sets of measurements prepared in different sessions from different samples. However, we can classify them into two groups based on their contact resistances, set 1 and set 2, where set 2 showed greater contact resistance than set 1. In general, the I-V curves have showed an enhanced tunneling current in the reverse bias and a small current at the forward bias for low n-doped substrates, whereas for highly n-doped substrates, I-V curves exhibit a conventional Schottky diode behavior.
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IV. EXPERIMENTAL RESULTS AND THEORETICAL DATA
Before discussing the experimental results, it is worth introducing the method we used to calculate the electric current in forward and reveres biases. When the AFM nanoprobe is making a physical contact with the substrate under an applied voltage, the electric current can take two paths, one over the surface due to the surface conductance and the other current is going through the bulk, which encounters the diode resistance and the contact resistance (R s ), in series, as illustrated in the schematic in Fig. 7 . Therefore, the total current is the summation of the nano-diode current (I d ) and the surface current (I L )
where I L simply equals V app /R L (R L is the surface resistance). For the calculation of I d , we are considering the dominant nano-junction current, namely, the thermionic current I th and the tunneling current I tun , which are given in the following established equations: 
where A is the area of the nano M-S contact,
, / b is the effective potential at the barrier height, V a is the bias voltage,
), m Ã is the effective electron mass in the semiconductor, n is the concentration of electrons, E max is the maximum electric field at the interface, h is Planck constant and equals 6.62617 Â 10 À34 J s, and T is the room temperature (T ¼ 300 K).
A. Results of set 1 measurements
The I-V measurements were performed on a low n-doped Si substrate. When the tip was making a physical contact with the substrate, the voltage was swept between À0.8 V and 0.8 V. The experimental data is represented in Fig. 8(a) (denoted by red solid curve) . The data clearly show that the tunneling current in the reverse bias is enhanced dramatically from a very small value at 0.1 V to around 12 nA at 0.2 V. Whereas in the forward bias, the current initially increases slowly before the turning point at À0.40 V. Fig. 8(a) clearly shows a reversed rectification Schottky diode behavior for low n-doped Si substrates.
The same measurements were performed on a highly n-doped Si substrate, and the data are presented in Fig. 8(b) . We can readily notice from the experimental data that the I-V behavior (red solid curve) is similar to the conventional nano-Schottky diode I-V characteristics, where the current in the reverse bias is almost negligible and the current in the forward bias is dominant.
To verify the validity of both approaches, we tried to fit the experimental data, especially in the reverse bias where the nano-contact size has a significant effect on the tunneling current. However, we started by checking the experimental I-V data at the forward bias to extract some crucial parameters like the contact resistance and contact area, and then we used these parameters in our theoretical model to calculate the current in the reverse bias. Since the electric field in the forward bias is too small for the tunneling current to occur, we expect the thermionic current to be dominant. Here, we estimated the contact resistance by assuming that the diode resistance decreases as the applied voltage increases. Therefore, at a relatively high forward bias, above 0.6 V, the current slope is substantially affected by the contact resistance. For reasonable approximation, we calculated the slope of the last portion of the curve, R S ¼ DV DI , after drawing a fitting line to minimize the noise effect. R S is estimated from Fig. 8(b) to be around 15 MX. To estimate the area of contact, we choose a point on the I-V curve in forward bias, and then we calculate the effective applied voltage on the diode as V d ¼ V À V R , where V R ¼ I d R s : Later, we used this value V d in the thermionic current equation, Equation (11) , to calculate the contact area (A) that gives the same current, which was found to be around 15 nm 2 . In fact, the contact area depends on the nanotip radius, and practically, it has to be less than the circular surface area (A c ) of the hemisphere of the tip apex, i.e., A c ¼ pR 2 . Referring to Equation (10), we estimated the value R L from the linear part of the red curve in Fig. 8(a) . This is done since the dominant current at small voltages is the leakage current. We selected a small range (V, I tot ) and found R L from DV DI tot to be around 400-500 MX. Later, we used these parameters (mainly R S ; A, R L ) to calculate the tunneling current based on the theoretical model using both approaches, the conventional and the modified approaches. We used the value of R S to calculate the effective potential drop on the diode by considering the difference between the experimental applied voltage (V), after deducting the leakage current value, and the voltage drop on the contact resistance (V R ), as follows:
By using the previous contact parameters in approach 1 (the conventional approach), the I-V data are presented in Fig. 8(a) (blue solid curve) . We also used the same parameters in approach 2 (the modified approach) and selected B factor to be 0.55 to obtain the best fitting curve, as shown in Fig. 8(a) (green solid curve) . Note that the data based on ) show the I-V data in semi-log plots of the best data fit curves. approach 2 give better fitting to the experimental measurements than the conventional approach. For more clarity, the insert in Fig. 8(a) shows a semi-log plot of the best fit of I-V data from approach 2.
The previous procedures were repeated to fit the experimental data for highly n-doped Si substrate. The experimental data exhibit a very small surface leakage current, which indicates a high surface resistance. We, therefore, considered the surface conductance to be negligible. The value of R S was also found to be around 30 MX, and the contact area remained the same as found from the previous fitting, while the best value of (n) was kept at unity, n ¼ 1. By implementing both approaches (approach 1 and 2) on highly n-doped Si substrate, it was noticed that there is no such difference in their I-V behavior at the forward bias. This is because in both models, the thermionic current is dominant at the forward bias and the tunneling current is very small in the reverse bias. The theoretical and experimental results are depicted in Fig. 8(b) . The insert in Fig. 8(b) shows the semilog plot of the I-V data fit from approach 2.
B. Results of the set 2 measurements
For this group of I-V measurements, the current value is less than that obtained in the previous set, which indicates a higher contact resistance. This may be due to some factors like surface contaminations. The I-V measurements were conducted for low n-doped and highly n-doped Si substrates, over a voltage range from À1.0 to 1.0 V. The experimental data for low n-doped Si substrate is presented in Fig. 9 (a) (denoted by red solid curve). The data clearly showed an enhancement in the tunneling current in the reverse bias and a very small current in the forward bias, hence a reversed rectification behavior compared to conventional Schottky contacts. The same measurements were performed on a highly n-doped Si substrate, and the data are presented in Fig. 9(b) . We can easily notice that the experimental I-V data (red solid curve) is similar to the conventional I-V characteristics, where the current in the reverse bias is almost negligible and the current in the forward bias is dominant.
We used the same approach to fit that data for this set of measurements. We found the estimated series resistance value to be around 590 MX. The contact area is the same as in the previous group. The experimental data indicates a negligible contribution of the surface leakage current. We also found out the best data fit is achieved when the value of the ideality factor (n) is 1.0. The I-V data from the conventional approach (blue solid curve) showed a quite small reverse current, while the data are best fit using the modified approach when we select a B factor to be 0.55 (green solid curve). When fitting the experimental data for the highly ndoped Si substrate, the experimental data also indicates a negligible surface contribution. The value of R S was found to be 750 MX, with the same contact area and n ¼ 1.
V. CONCLUSION
We have studied experimentally the nano-Schottky contacts for two different doped n-type Si substrates, low doped ($1 Â 10 16 cm
À3
) and highly doped ($1 Â 10 18 cm
). The results showed obviously an enhanced tunneling current in the reversed bias for nano M-S contacts with low n-doped Si, whereas a conventional diode behavior has been observed for highly n-doped Si. This indicates a significant effect of the contact size on the electronic structure of M-S junctions when the nano contacts radii are much smaller than the conventional M-S interface depletion width. We have also used theoretical models to thoroughly investigate the electrical characteristics of nano M-S interfaces and developed a new approach that fit well the experimental data. In this approach, the potential at the interface is considered to be the barrier height divided by the charge (/ B ). Inside the bulk (at the end of the depletion region), the potential is / S . We use these parameters in Poisson's equation to solve for the potential profile in the depletion region. Poisson's equation in spherical coordinates is defined by FIG. 9 . I-V data for high resistance nano Schottky contact on (a) low n-doped semiconductor substrate and (b) highly n-doped semiconductor substrate.
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Since the model is symmetric in the spherical coordinate system, the potential and hence the electric field do not change with the change of h or u. Consequently, the equation can be reduced to be dependent on one variable ðrÞ
The first integration gives us the following result for the electric field:
Since
Assuming the depletion width for the nano M-S contact is W n , the electric field at r ¼ R þ W n is zero. Then
The potential will then be To find the potential profile for the schematic in Fig. 10 , we consider the electric flux and Gauss's law as follows:
This gives
Knowing that E ¼ À 
